We used intrinsic signal optical imaging to obtain maps of human somatosensory cortex during electrocutaneous stimulation of the face during a neurosurgical procedure for epilepsy. We found that human face somatotopy is organized like the macaque or cebus monkey, with peri-orbital skin located medial to peri-buccal skin, and that cortical magni¢cation in the human is comparable to that in non-human primates.This study demonstrates that intrinsic signal imaging can be performed on humans during operative procedures with su⁄cient spatial resolution to reveal high-resolution topographic maps. NeuroReport 15:000^000 c 2004 Lippincott Williams & Wilkins.
INTRODUCTION
Optical recording of intrinsic signals (ORIS) is an imaging method that detects tissue reflectance changes resulting from neural activity. These reflectance changes can be mapped under a range of illumination wavelengths (e.g. 570-800 nm), different ranges of which accentuate different sources of the signal (e.g. changes in blood volume, oxygenation of hemoglobin, light scattering). Under laboratory conditions, ORIS provides high spatial resolution maps (o100 mm) [1] . However, there are limitations inherent in the operating room related to mechanical and biological noise, which lead to poorer signal to noise and poorer spatial resolution than in the laboratory. Despite this, several groups have successfully utilized ORIS in the operating room to map human cortex [2] [3] [4] [5] [6] .
The purpose of this study was to obtain intrinsic signal optical maps from human sensory cortex in the neurosurgical arena and to do so with sufficient resolution to map the representation of upper and lower face. To minimize motion artifacts and vascular noise, we implemented some methodological changes in the use of ORIS in the operating room environment, which included mechanical stabilization of the brain, tandem camera lens arrangement, and the use of longer wavelength illuminant. We demonstrate that focal activations are obtainable with intraoperative optical imaging methods and that the upper face is represented medial to the representation of the lower face. We also show that cortical magnification factor (CMF) in the human is comparable to other non-human primates.
MATERIALS AND METHODS
The experiment was performed under a protocol approved by Yale Human Investigational Committee. The subject was an adult male (age 39 years) who underwent extraoperative stimulation mapping of the right somatosensory cortex with a chronically implanted grid of surface electrodes (Ad-Tech, Racine, WI) as part of investigations for surgical treatment of medically intractable epilepsy. Bipolar stimulating electrodes (50 Hz, 0.1 s, 4-8 mA) were used to identify the face representation in motor and sensory cortex.
Electrical grid stimulation revealed the facial topography in this region (Fig. 1a) . Four sites are highlighted in Fig. 1b ,c. At two sites (yellow and green dots) the subject reported sensations located on the left lower lip. In two rostral sites (red and blue dots) twitching of the lip was elicited. These observations indicated the border between facial somatosensory and motor representations. We positioned the imaging field of view slightly medial to the somatosensory representation of the lower face/mouth area to include the presumed representation of the upper face (black box in Fig.  1b , shown enlarged in Fig. 2d ).
During the surgical procedure, a 4 Â 4 cm glass footplate (Fig. 1d) , held by a retractor arm attached to the Mayfield head-holder, was placed on the cortex. The optical imaging camera (Imager 2000 system, Optical Imaging Inc., Germantown, NY) was held by a custom-built sterilizable cameraholder secured to both the operating table and the Mayfield head-holder. In this way there was minimal relative movement between the cortical surface and the camera lens. A tandem lens macroscope, designed to maximize the field of view (1-2 cm) and minimize the depth of field, was focused 300 mm below the cortical surface [7] .
The patient was maintained under general anesthesia (isoflurane 0.6%) and the operating room lights were turned off during imaging. Images (field of view 14 Â 8.7 mm, binned to 324 Â 240 pixels) were acquired without synchronization to either heartbeat or respiration. We used a broadband filter (650740 nm) to capture reflectance changes from a wider spectrum of sources, including light scatter, in order to increase the signal to noise ratio and minimize the required number of trials. Three stimulus conditions were presented (upper face stimulation, lower face stimulation, and blank (no stimulation)) in pseudo-randomized order with a 10-15 s interstimulus interval. Stimuli were presented (2 s, four 1.5 ms 2.2 mA electrical pulses at 2 Hz) through ball electrodes placed below and lateral to the left eye and along the left lower cheek parallel to the lips. For each stimulus, we collected 10 consecutive 300 ms image frames after stimulus onset and these were stored for subsequent analysis. We collected five blocks of five trials per stimulus.
Image analysis: For each stimulus condition, trials were summed to maximize signal-to-noise ratio. Because the face representation was located near the central sulcus, blood vessel artifact was at times substantial. As a result, noisecontaminated trials were excluded from analyses if the spatial map of the blank image was uneven or if the signal timecourse was not relatively flat. Single condition activation maps were generated by dividing stimulated conditions by the blank condition. Dark pixels in single condition maps indicate a response to that stimulus condition greater than that of the blank condition image; gray pixels indicate a response not different from blank.
Quantifying the evoked ORIS: Following low-pass filtering (4 pixel rectangular kernel), we delineated the regions of strongest activation with a thresholding procedure (top 15%, 25%, and 50% of the gray pixel value distribution) [8] . We also measured the time course of reflectance outside (control) and within the areas of activation. Time courses were derived directly from the raw reflectance signals and were independent of spatial filtering. Greater cortical activity corresponds to a darkening of the cortical tissue and a greater negative deflection of the signal time course.
RESULTS

Topography:
We recorded topographically specific, focal activation of the upper vs lower face. As shown in Fig. 2a,b (raw blank-subtracted images), lower face stimulation produced activation lateral to upper face stimulation. The blank condition (no facial stimulation) produced no significant changes in reflectance of light (Fig. 2c) .
Each of three locations (the upper face site (Fig. 2a ,e, yellow box), the lower face site (Fig. 2b,f, red box) , and an unactivated site (Fig. 2c,g, blue box) ) demonstrated stimulus specificity. Sampled locations were chosen away from large vessels, so that vascular noise could be minimized (e.g. the upper face site). Stimulation of the upper face produced a large negative reflectance change at the upper face site (Fig.  2e, yellow line, B6% ) and an increase in reflectance at the lower face site (red line). The activity recorded at the upper face site was significantly different from the activity recorded at the lower face or at control sites (one way repeated measure ANOVA, po0.001; post hoc Holm-Sidak method, po0.05). Similarly (Fig. 2f) , stimulation of the lower face produced a greater reflectance change at the lower face site (red line) when compared to upper face (yellow line) or to control sites (blue line; repeated measure ANOVA, po0.001; post hoc po0.05). Reflectance changes during the blank stimulus condition were small at all three sites (42%) and not significant (Fig. 2g, p¼0. 2), as were those at the control site (blue line; o 2%), suggesting that baseline reflectance levels are o 2% (compare blue lines in Fig. 2e-g ).
The timecourse of the change in reflectance (Fig. 2e ,f, averaged over 5 trials) was characteristic of the intrinsic signal [9] , beginning within 1 s after stimulus onset and peaking at B2-3 s. We did not collect reflectance beyond 3 s post-stimulus onset, as previously published reports indicate the signal declines after this point [6, 10] . Thus, stimulation of either upper face or lower face produced reflectance changes consistent with the known magnitude and timecourse of the intrinsic signal. They were topographically specific and were not due merely to noise or random alterations in vasomotor tone.
Area of activation:
The activations were focal and did not appear to spread to adjacent gyri. To quantify the areas of activation, we took measurements from the images following low pass filtering and thresholding procedures (see Materials and Methods). Different threshhold values (15%, 25% and 50% thresholds levels, corresponding to 1.5%, 2.5% and 5.0% of reflectance change, respectively) produced fairly similar activation areas (within a factor of 2). For example (Fig. 3) , a 15% threshhold produced a lower face activation area of roughly 5 mm in diameter (Fig. 3b ,e, red outline, 0.18 cm 2 ) and an upper face activation area 3-5 mm in diameter (Fig. 3a,d , green outline, 0.13 cm 2 ). The lower face activation at a 25% threshhold was 18% larger (0.21 cm 2 ) and at a 50% threshhold was 29% larger (0.23 cm 2 ). Thus, both upper and lower face stimulation produced discrete activations that were similar in size. Cortical magnification: We estimated the cortical magnification factor (the amount of cortex devoted to representing a region of the sensory periphery) by measuring the distance between the electrode contacts on the face (B7 cm) and the distance between the centers of the change in reflectance on the cortical surface (B2.5 mm). This produced a CMF of 0.36 mm/cm (2.5 mm/7 cm) for facial skin.
DISCUSSION
In the context of a neurosurgical procedure ORIS represents a relatively non-invasive method for obtaining high-resolution maps of cortical functional activation. Although recent studies have seen an improved spatial resolution with BOLD fMRI methods [11] , the temporal and spatial resolution of ORIS are typically an order of magnitude better than conventional 1.5 T BOLD fMRI. The resolution of ORIS is based on its sensitivity to the initial decrease in oxygenation and intracellular/extracellular fluid shifts, both of which are more tightly linked spatially with neuronal activity than BOLD methods [10, 12] .
Previous reports of intraoperative ORIS have demonstrated the feasibility of the technique for mapping language and somatosensory cortex [3] [4] [5] [6] 10, 13] . However, most studies report large activation areas (9-20 cm 2 for individual digits and 25 cm 2 for median nerve stimulation [3, 5, 10, 13] , although one study in somatosensory cortex reports comparable activation sizes [6] (but see [4, 14] ). Activations obtained in non-human primates [5, 8, 9] under well-controlled laboratory conditions are much smaller. In monkeys, peripheral activation of somatosensory cortex elicits focal activations 0.1-1.0% in amplitude with a diameter of 1-3 mm for individual digits and up to 10 mm for median nerve stimulation [5, 8] . The results of our study thus approximate the monkey data and demonstrate improved spatial resolution. We attribute the ability to obtain focal activation in human somatosensory cortex to several factors. In our experiments, the glass footplate on the cortical surface and camera were all fixed rigidly to the skull minimizing motion artifact. Rather than the lens of the surgical microscope, we used a tandem lens arrangement [7] , providing a narrow depth of field which was focused beneath the surface vasculature, thereby reducing vasomotor artifacts and possibly decreasing the more diffuse perfusion component of the signal [5, 10, 12] . Finally, the broadband filter (650740 nm), intended to capture reflectance changes from a wider spectrum of sources, may have contributed to the large signal size (B5%).
Another difference between our study and previous human studies [5, 6] was the source of stimulation. In contrast to nerve stimulation or mechanical vibrational stimulation, we used electrical stimulation of the skin (as did [6] ), which, in monkey, produces similar activations as cutaneous stimulation (light tapping) [8, 16] and avoids possible contamination from motor cortical activation [3, 4, 10, 13] .
Topography: Consistent with both electrical and imaging studies in humans [6, 17, 18] , we demonstrate in this human subject that peri-orbital skin is represented medial to lateral facial skin in Brodmann area 1 on the crest of the postcentral gyrus. These data are also consistent with topographical maps obtained from single unit recordings in Brodmann Area 1 of macaque and New World monkeys [19] [20] [21] . Significant overlap (B30%) was also observed between upper vs lower face activations (Fig. 3d) . Such overlap is commonly described in the somatosensory literature [5, 8, 16] and is attributed to the presence of large receptive fields which span multiple body parts and large receptive field scatter within single cortical sites.
Cortical magnification: Although somatosensory cortical magnification factors (CMF, mm cortex/mm skin) in nonhuman primates have been studied extensively [19, 20, [22] [23] , few data exist on somatosensory CMFs in the human, especially at the sub-millimeter scale. We estimated a CMF of 0.36 mm/cm of facial skin. A comparable measurement from the face area of the cynomologus macaque is 0.5-1.0 mm cortex/cm facial skin. In Figure 11 of [19] , the distance between the center of cortical representation of orbital skin in Area 1 and penetrations 6-10 is 2-4 mm; and in Figures 13 and 19 from [21] , the distance from upper face to lateral face is about 3 mm. In the average 7-8 kg macaque, the distance between orbital skin and upper lip is about 4 cm. In New World monkeys, similar Area 1 measurements give a CMF of about 1.0 mm cortex/cm facial skin. In Figure  2 of [24] the distance between upper lip to lateral face in the squirrel monkey is 2 mm. In Figure 3 and 4 of [25] the distance from upper lip and side of face is about 2 mm. The distance from lateral orbit to upper lip in the squirrel monkey is about 2 cm. Thus, our calculations suggest that the facial CMF in the human is smaller than in the macaque by a factor of 2-3. However, given the degree of normal inter-individual somatotopic variability [22] , the error in estimating from published reports, and other possible methodological considerations, we conclude that the human facial CMF is comparable with estimates from other primate species.
CONCLUSION
This report presents data from a single individual, where imaging quality was sufficiently high to make a significant contribution to the human imaging literature. We demonstrate in this human subject that peri-orbital skin is represented medial to lateral facial skin in Brodmann area 1 on the crest of the postcentral gyrus. We also find that the cortical magnification factor (cortical/cutaneous) for human face representation is on the order of 1 Â 10 À2 and is comparable between human and primates. 
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